ABSTRACT An immunoinity column is described that facilitates the analysis of oxidative damage products of DNA and RNA in urine, blood plasma, and medium isolated from cultures ofEscherichia coli. In intact animals, lesions (adducts) excised from DNA are transported from the cell through the circulation and excreted in urine. In bacteria, DNA adducts are excreted directly into the medium. In either case, the adducts can be assayed as a measure of oxidative damage to DNA. A monoclonal antibody that recognizes 8-oxo-7,8-dihydro-2'-deoxyguanosine(oxo dG; 8-hydroxy-2'-deoxyguanosine), abiomarker of oxidative damage to DNA, has been isolated, and its substrate binding properties have been characterized. The relative binding affinities of this monoclonal antibody for oxo8dG, unmodified nucleosides, or derivatives of Gua made it suitable for the preparation of immunoaffinity columns that greatly facilitate the isolation of oxo8dG, 8-oxo-7,8-dihydroguanine, and 8-oxo-7,8-dihydroguanosine from various biological fluids. Quantitative analysis of these adducts in urine of rats fed a nucleic acid-free diet and in the medium from cultures of E. coli suggests that oxo8-7,8-dihydroguanine is the principal repair product from oxo8dG in DNA of both eukaryotes and prokaryotes. The results support our previous estimate of about 105 oxidative lesions to DNA being formed and excised in an average rat cell per day.
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Oxidants are generated continuously as normal by-products of mitochondrial electron transport, inflammatory reactions, and many other processes associated with aerobic metabolism (1) . Although elaborate enzymatic and nonenzymatic defenses exist that protect the cell against oxidant-induced damage (2-7), the oxidants that escape the defenses damage cellular macromolecules. Oxidant damage escaping repair may be a major cause of the age-dependent decline in normal cellular function. Unrepaired oxidative damage to DNA, for example, has been proposed to be a major contributor to aging and other age-related degenerative diseases including cancer (2, 8, 9) .
When DNA is damaged, nonspecific DNA repair enzymes excise DNA lesions to release deoxynucleotides, and basespecific repair glycosylases excise the corresponding base. Deoxynucleotides are enzymatically hydrolyzed to stable deoxynucleosides, and these repair products are transported through the blood and excreted in the urine. Damage to RNA is reflected in nucleoside adducts. We have previously described methods for noninvasively quantitating various DNA adducts produced by oxidative damage, including those that measure urinary thymidine glycol and thymine glycol by HPLC with UV detection (8, 10) and urinary 8-oxo-7,8- dihydro-2'-deoxyguanosine (oxo8dG; 8-hydroxy-2'-deoxyguanosine) and 8-oxo-7,8-dihydroguanine (oxo8Gua) by HPLC with electrochemical detection (EC) (11, 12) . In particular, oxo8dG serves as an excellent marker for DNA damage produced by oxidants because it represents one of the major products generated by a wide array of treatments associated with oxidant damage such as that produced by irradiation and various carcinogens (13) (14) (15) (16) , because it is implicated in spontaneous transversion mutagenesis (17, 18) , and because it can be measured with very high sensitivity by HPLC-EC (19) .
This report describes the preparation and characterization of a monoclonal antibody (mAb)-based immunoaffinity column that is used to isolate oxo8dG, oxo8Gua, and 8-oxo-7,8-dihydroguanosine (oxo8G) rapidly from complex biological fluids prior to their analysis by high sensitivity HPLC-EC (19) . The described mAb improves greatly upon the solidphase extraction (SPE) and polyclonal antibody-based immunoaffinity methods (11, 12) and offers, in combination with HPLC-EC, an analytical approach with the specificity, sensitivity, selectivity, and relative simplicity required to measure oxidative DNA and RNA damage noninvasively and routinely.
MATERIAL AND METHODS Chemicals. Alkaline phosphatase-goat anti-mouse IgG conjugate, Sigma 104 phosphatase substrate tablets, and CNBr-activated Sepharose 4B were obtained from Sigma.
[3H]oxo8dG, [14C]oxo8Gua, and [14C]oxo8G were prepared as described (11, 12) .
Animal and Human Samples. Three-to 6-month-old male, outbred albino Fischer 344 rats (Simonsen Laboratories, Gilroy, CA) were used. Animals were fed either a standard diet (Purina rat chow) or nucleic acid-free diet (Dyet no. 510007; Dyets, Bethlehem, PA) ad libitum and maintained in a temperature-and photoperiod (12 h/day)-controlled room. For urine collections, the rats were housed individually in metabolic cages (Nalge), and 24-h urine outputs were collected and stored at -20°C until analyzed. Human urine samples (24-h output) were obtained from 20 healthy individuals (26-76 years of age) on an unrestricted diet.
Abbreviations: mAb, monoclonal antibody; EC, electrochemical detection; oxo8dG, 8-oxo-7,8-dihydro-2'-deoxyguanosine (8- hydroxy-2'-deoxyguanosine); oxo8G, 8- (20) for recognition of the oxo8G hapten by screening against the alternate conjugate.
Clones exhibiting favorable binding affinities and binding specificities for oxo8dG and oxo8Gua were recloned at limiting dilution. Ascites fluid was prepared from clone 15A3 by inoculating 1-2 x 106 hybridoma cells intraperitoneally into immunosuppressed, pristane-primed Swiss-Webster mice. Ascites fluid was pooled and stored at -80°C.
Competition ELISA. Plates were coated with 2.5 ng of the oxo8G-casein conjugate per well and incubated overnight at 4°C. The inhibitors oxo8dG, oxo8Gua, dG, and Gua were each mixed at amounts ranging from 0.025 to 1000 pmol with a 1:100,000 dilution of 15A3 ascites fluid in a total volume of 100 ,ul and incubated overnight at 4°C. These mixtures were applied to the wells on the following day, and the competition ELISA was performed as described (21) . The mAb isotype was determined by ELISA using a commercial kit (Pierce). The specificity of the mAb was characterized by comparing binding affinity constants (Kff) (12) that had been determined by competitive RIA using an ascites dilution of 1:1000 (22, 23) .
Preparation of Immunoaffinity Columns. The immunoaffinity matrix was prepared with unpurified ascites fluid (12) by covalently linking proteins in 5 ml of ascites fluid to 5 g of CNBr-activated Sepharose 4B. Immunoaffinity columns (1-to 2-ml bed volume) were prepared by packing 1.0 x 10 cm Econo-Columns (Bio-Rad) with a mixture of antibodyconjugated Sepharose 4B (0.2 parts) and unmodified Sepharose 4B (0.8 parts). Columns that contained a 2-ml bed volume bound -2 nmol of the oxo8dG standard.
Sample Preparation and Isolation from Urine, Plasma, and Media. Urine samples (1-5 ml) were diluted with an equal volume of 1 M NaCl, spiked with the appropriate radiola-
and applied to a preconditioned C18/OH SPE column (11). The SPE column was then washed with 5 ml of 50 mM KH2PO4 buffer (pH 7.5), and retained compounds were eluted with 3 ml of 15% MeOH in the same buffer. The eluate was applied to the immunoaffinity column at 40C [this temperature favors nonequilibrium binding and reduces crossreactivity (24) ]. The column was washed in sequential order with 5 ml of each of the following: H20, 1 M NaCl, H20, and acetonitrile. Less than 10%o of the applied radioactivity, corresponding to the radiolabeled internal standards for oxo8dG, oxo8Gua, and oxo8G, was lost during this series of washes. Immediately after the acetonitrile wash, the antibody binding compounds were eluted with MeOH (5 ml) into a polypropylene culture tube. The resulting MeOH eluate was concentrated to dryness under a stream of nitrogen in a 40-450C water bath for 1-2 h. The sample was resuspended in 200 pu of water, and a 20-to 50-p, sample was analyzed by HPLC-EC as described below. Recoveries of oxo8dG, oxo8Gua, and oxo8G from the immunoaffinity columns were typically 60-90%o. The urinary excretion rate values are expressed as pmol ofoxo8dG excreted in a 24-h urine void per kg of body weight (pmol kg-1 day-1). The column could be used for at least 10 cycles without apparent loss of binding capacity. The column was regenerated immediately after elution by applying MeOH (10 ml). The bed volume was reequilibrated and resuspended twice in water (10 ml) with a Pasteur pipet to remove air bubbles.
Human blood plasma (5-10 ml) was spiked with the appropriate radiolabeled tracer(s), and the proteins were precipitated by adding an equal volume of acetonitrile. The precipitated proteins were separated by centrifugation at 3000 x g for 15 min, and the supernatant was transferred to a new culture tube and mixed with 8 volumes ofwater (40 ml). The resulting sample was applied directly to an immunoaffinity column and processed according to the protocol described above. Alternatively, after centrifugation, the sample could be stored at -200C for 2 h to allow separation of the organic and aqueous phases. After removal of the organic phase with a Pasteur pipet, the remaining aqueous layer was transferred directly to the immunoaffinity column and processed according to the protocol described above.
Wild type Escherichia coli K-12 was cultured in VogelBonner citrate medium with 0.4% glucose. The 100-ml cultures were inoculated with 3 ml of an overnight culture and incubated at 370C for 8 h (ANO = 1.0). Cells were removed from the medium by centrifugation at 3000 x g at 40C, and the medium was filtered through a 0.22-t&m membrane filter unit (Nalgene, Rochester, NY). The medium (100 ml) was applied directly to the antibody column (2-ml bed volume, diluted 1:2) and processed as above.
HPLC-EC Analysis. The HPLC conditions used in the present study have been described (12) . Compounds were analyzed by flow-through EC employing an ESA model 5100 Coulochem detector equipped with a 5011 or 5010 highsensitivity analytical cell with the oxidation potentials of electrodes 1 and 2 adjusted to 0.10 and 0.35 V, respectively. RESULTS Characterization ofmAb 15A3. Screening ofthe hybridomas after immunization of mice with oxo8G-BSA and oxo8G-casein conjugates resulted in selection of80 stable clones from which 15A3, a fusion cell line produced from spleen cells of an oxo8G-BSA conjugate-immunized Swiss-Webster mouse, was selected for further characterization. The isotype of mAb produced by hybridoma 15A3 was IgG2 K.
Binding specificity of hybridoma 15A3 was examined by competition ELISA and shown to be highest for oxo8dG followed by oxo8Gua, dG, and Gua: 50%6 inhibition ofoxo8G-casein conjugate-antibody complex formation at 0.4, 40, 2000, and 2000 pmol, respectively, was observed. However, since stock solutions of commercial dG and Gua contain measurable amounts of oxo8dG and oxo8Gua, respectively (1 part per 20,000-100,000 unmodified residues), the calculated binding specificity of the antibody for dG and Gua is a considerable overestimate. (12) . The mAb exhibits an '-400-fold higher affinity for oxo8Gua than does the polyclonal antibody (12) . This permits the isolation of oxo8Gua from samples without enzymatically digesting uric acid, a major urinary excretion product present in millimolar concentrations that was found previously to interfere with the binding of oxo8Gua to the polyclonal antibody-based immunoaffinity column (12) . A comparison ofthe affinities listed in Table 1 suggests that modifications of Gua at the C-8, N-7, C-6, and C-2 positions influence antibody binding and indicate that the epitope recognized by the antibody is comprised of the portion of the purine ring (the C-2, N-1, C-6, C-5, N-7, C-8 backbone; see Fig. 1 Inset) distal to the deoxyribose residue.
HPLC-EC of mAb Immunffinity-Purified Urine. Fig. 1 shows a representative chromatogram of human urine processed by the immunoaffinity column and analyzed by HPLC-EC. In addition to oxo8dG (Fig. 1, peak 6 (12) . The sample, which was equivalent to 0.42 ml of urine, contained 3.98 pmol of oxo8dG (9.48 nM). Since the SPE step was optimized for oxo8dG, recoveries of earlier eluting compounds, which were not calculated, were in most cases significantly lower. Identities of the peaks are as follows: 1, uric acid; 2, oxo8Gua; 3, 7-methyl-oxo8Gua; 4, N2-methyl-oxo8Gua; 5, oxo8G; and 6, oxo8dG.
were processed and assayed for urinary oxo8dG. The procedure was repeated with the same samples but on a separate day, and the urinary oxo8dG values were compared (r2 = 0.91) as shown in Fig. 2A oxoedG, oxo8Gua, and oxo8G in Urine, Plasma, and Medium. The average oxo8dG excretion rate in humans (172 79 pmol-kg-.day-1) was comparable to the rate obtained from separate groups of urine samples that had been processed by SPE' alone or by SPE in combination with the polyclonal antibody-based immunoaffinity column (11, 12) . The urinary excretion rate of oxo8G, the corresponding oxidative damage product of RNA, was 333 125 pmol kg. Iday-l. Analysis ofurine obtained from rats reveals an oxo8dG excretion rate of =400 pmol kg-l day-1. This rate is not influenced by diet since the average oxo8dG vales obtained from nucleic acid-free diet-fed rats were not si hificantly different' from those obtained from chow-fed rats (Table 2 ). In contrast, the urinary excretion rate of oxo8Gua and oxo8G are affected greatly by the diet. Nucleic acid-free diet-fed rats excrete oxo8Gua and oxo8G at rates that are roughly 90%o and'65% lower than that of chow-fed rats. Urinary excretion rates of oxo8Gua and oxo8G in rats were noted to reach these lower levels within 2-3 days of switching from normal chow to a nucleic acid-free diet. The average concentrations of oxo8dG and oxo8G in human plasma were 69 and 127 pM, respectively. Similar values were observed in serum samples. For comparison, the average urinary concentrations of oxo8dG and oxo8G were 10 and 25 nM, respectively; thus, the kidney concentrates blood plasma oxo8dG and oxo8G by factors of =150 and 200, respectively.
The concentrations of oxo8dG, oxo8Gua, and oxo8G in spent medium isolated from cultures of E. coli (A6N = 1.0)
were =11, 204, and 94 pM, respectively. The higher concentration of oxo8Gua in the medium suggests that the reported oxo8Gua glycosylase is the principal repair enzyme for oxo8dG lesions in DNA.
DISCUSSION
The mAb isolated from the hybridoma cell line 15A3 binds with high specificity and affinity to oxo8dG, oxo8G1a, and Immunoaffinity' columns rapidly and efficiently isolate these compounds from urine, blood plasma, and medium recovered from bacterial cultures. The binding properties of the anti-oxo8dG mAb are distinct from that of the anti-oxo8dG polyclonal antibody described by us in a previous report (12) . The mAb exhibits an affinity for oxo8dG comparable to that ofthe polyclonal antibody, yet it exhibits a much higher affinity 'for oxo8Gua. That is, in contrast to the anti-oxo8dG polyclonal antibody, substitution of deoxyribose or ribose for the hydrogen atom at the N-9 position of oxo8Gua has almost no influence, as judged by the comparable Kff values observed in the competitive RIA, on the binding affinity of the mAb for oxo8dG and oxo8G versus that for oxo8Gua. Characterization of this antibody by competitive RIA indicates that lack of an oxygen at C-8 (i.e., dG and Gua), substitution of C-6 with a primary amino group (oxo8dA), substitution of the primary amino group at C-2 with an oxygen atom (i.e., uric acid, the deamination product of oxo8Gua), or absence of the primary amino group at C-2 (8-oxo-7,8-dihydro-2'-deoxyinosine) all lead to a significant decrease in antibody binding affinity (Table 1) . We conclude from this data that the epitope that the antibody recognizes is comprised of the surface of the purine base (C-2, C-6, N-7, and C-8) distal to the N-9 position.
The mAb 15A3, in contrast to the anti-oxo8dG polyclonal antibody reported previously (12) , is not suitable for quantitating oxo dG itt enzymatic digests of DNA or for immunohistochemistry due to its higher cross-reactivity to the normal deoxynucleoside dG. The high cross-reactivity of the antibody for other 6,8-dioxo purines (Table 1 and Fig. 1 Inset) limits the use of ELISAs to quantitate the levels ofeach ofthe described biomarkers in biological fluids. 'This crossreactivity is illustrated in an experiment that directly compares the quantitation of oxo8dG by ELISA and HfPLC-EC in spent medium recovered from cultures of E. coli (data not shown). The amount of oxo8dG measured by ELISA overestimates the values obtained by HPLC-EC by -300-fold, indicating that it is not feasible to quantitate oxo8dG or its derivatives by ELISA without further purification.
Estimates of oxo8dG and oxo8Gua in urine from rats fed a nucleic acid-free diet or in spent medium isolated from cultures of E. coli grown in minimal media (Table 2) suggest that oxo8Gua is the major excision product of oxo8dG DNA repair in both eukaryotes and prokaryotes. As the urinary oxo8dG and oxo8Gua detected by our assay appear to be derived from DNA repair, we can estimate that at least 90o of the oxo8dG lesions present in DNA of both eukaryotes and prokaryotes are excised by a glycosylase activity such as that reported to exist in E. coli (25) (26) (27) (28) .
The availability of immunoaffinity columns that permit the quantitation of oxo8dG and oxo8Gua from bacterial medium should greatly facilitate efforts to understand the role of this oxidative DNA damage product and the importance of the described prokaryotic enzyme in mutagenesis. These DNA adducts also have been measured in spent medium from mammalian cell cultures (Q. Chen and B.N.A., unpublished results). This avoids the problem of dietary absorption for certain biomarkers and should complement the studies performed with bacterial medium by providing insights on the importance of oxidative DNA damage and its repair in mutagenesis, cell transformation, and cellular senescence in a eukaryotic model system.
The described immunoaffinity technique will allow one to examine the effects of various conditions that induce oxidative DNA damage and the dietary and endogenous factors that defend the cell or the organism from these insults. Such a tool can be used to facilitate our understanding of the many genetic, physiological, and pathological processes that influence, through oxidative mechanisms, cancer and the rate of aging as well as to investigate inhibition of oxidative DNA damage by dietary antioxidants (29) .
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